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Multifunctional requirements

of TBCs requires Multilayered architecture

Challenges associated with

new gen TBCs
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Remains complaint

£ , Compatibility with Bondcoat

Mostly traditional TBC, High
toughness

Adequate roughness,
oxidation resistant (dense),
environmental effects

Layer-by-layer
optimization of
multilayered
TBCs is naturally
suited for Thermal
Spray
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Bond coat processing and performance

Process selection and mapping strategy for
the density and oxidation optimization

Initial performance evaluation
with HVOF bond coats

I
|
I
|
| 700 o Rene’ 80 substrate Photographs of failed specimens
Oxide and | 300pm APS 8YSZ ¥
Xlae:an I FCT: 1100°C, 24 hrs cycle
Porosity Level : 600 A —
Ammx low speed l WOKA med E JetKote I E’ ]
; 1> 500
2500 v =)
H ,' | ~
— - 7 S ] —— 00 O
5;’, \ ," : Q2 400 o Stony Brook’s BC Commercial BC
g 2300 Triol 'f 1 _ Poor adhesion ~ Good adhesion
% I riplex F | © 300 . -
S ! 13 Initial  results  exhibited
o e NS . . “ e .
g 2100 : Q 200 { g -34um R, = 9-10 ym significantly poor life of
2 . I S TBC sprayed on Stony
3 100 A Brook’s bond-coat,
E 1900 / x - compared to those sprayed
o - DJ 2700 y 0 on commercially obtained
1700 M M " M M Stony Brook BC  Commercial BC bond-coat.
0 150 300 450 600 750 900 N _ _ ) o -
Particle Velocity m/s Initial observations on failed specimens indicated that the poor FCT life in

Stony Brook’s bond-coat specimen was primarily due to lower bond-coat
roughness.

Two-layer bond-coat deposition: Improved roughness
NiCoCrAIYHISI

= Prior work conducted at Stony Brook has explored the process-property
relationship of bond-coat material deposited using Atmospheric plasma
Spray and High Velocity Oxy-fuel (HVOF) processes.

= The selection of HVOF process was to obtain dense bond-coat
microstructure with minimum oxide inclusion (WOKA and DJ2700 in the
above figure).

= Such coatings offer requisite oxidation resistance to the substrate.

o e e

= For material selection, concurrent study was conducted at ORNL (coating (Cﬁxgsgojv%%;' Q : }RR(_)ughness
prepared by Stony Brook), on two different bond-coat chemistries- SM A_ a=~8-9um
AMDRY 386-2 (NiCoCrAIYHfSI) and SM XPT 449 (NiCoCrAlY). Results Cl
suggested superior performance of AMDRY 386-2. AMDRY 386-2 |
= Therefore, the bond-coat study at Stony Brook, focused on the same (Fine powder) |
(AMDRY 386-2) material. The coating was deposited using liquid fuel Cl
F process. Vi —
e Substrate 20pm
Stony Brook
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Bond coat processing and performance

Two-layer bond-coat deposition: Improved roughness

Microstructure

AMDRY 386-4 5 |8
(Coarse powder) i

AMDRY 386-2
(Fine powder)

NiCoCrAIYHfSi

} Roughness
' R,=~8-9um

Processing strategies leveraged for the development of improved HVOF
bond coats

Based on process diagnostic and coating property measurements a two
layered HVOF coating was designed, fabricated and tested.

First layer would consist of a dense oxidation resistant coating comprising
of majority of the thickness while the second layer would serve to enhance
the surface roughness of the HVOF coatings

A significant improvement in FCT life obtained with the two layered bond
coat architecture compared with initial single layered coating

Processing strategies were utilized to provide significant performance
benefits for a chosen feedstock chemistry
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Performance assessment of various APS YSZ architectures

S = o Co
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Typical APS coatings 1
As-deposited TBC Failed (~600 hrs) : 0 A 5 c o DVor 0 - 0.0
v - : = Five top coat architectures with decreasing porosity from A to DVC, were sprayed on
I identical bond-coated superalloy substrates, and were subjected to FCT.
: = The FCT results indicated higher top coat life for coatings with lower porosity .
| " The measured elastic modulus and thermal conductivity of coatings also increases with
: x _ -« | 1 decreasing porosity.
e 4 . Ew A . . .
Pl gy 3{;{:? : o 2O : = The fracture toughness (measurement details are in next page) of coatings appears to be the
Ry AR m & ioopm | operating mechanism with higher toughness coatings resulting in higher FCT durability

i ———— R ———————— ey S ———
FCT life of coatings is higher with higher fracture toughness coatings. However, these coatings also have higher thermal
conductivity, which is not desirable for TBCs.
The high fracture toughness requirement only seems to be at the bond-coat and top-coat interface. Can we design a
multilayer top-coat with low overall thermal conductivity and high toughness at the interface \
‘\\\\ Stony Brook
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Microstructural dependence of fracture toughness of TBCs

Double Torsion Technique

Test method

sintered
Precrack / \
Load, P pecimen A AN
i Notch j 3.5
l o high sintering rate
o high intrinsic
3.0 toughness

: 39- 40 mm

- y_._

Kc extraction

1000

3
[=3
o

——Precracking
——Fracture toughness tesf

Max. Load for
fracture

o
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Displacement (mm)

o

St*e

Kc = Plcsm{

31+v

q%

P\c - Maximum load at failure

v — Poisson’s ratio
S - specimen width

25

2.0

YSZ
as-sprayed

YSZ

GDz

sintered

Fracture toughness, K, (MPa-Vm)

0.5

[ s G L 1.5

o

g %0 o low sintering

5 40 rate

3 1.0 o low intrinsic

3 200 GDZz toughness
as-sprayed

0 10 20 30 40 50 60 70 80
Indentation modulus, E; 4 (GPa)

1. Fracture toughness of coatings sensitive to their processing conditions
2. Coatings with higher degree of porosity have both lower modulus and fracture

toughness

3. YSZ coatings shows better fracture toughness than Gd,Zr,0, (GDZ) coatings.

S, — moment arm

t - specimen thickness

& - thickness correction factor

& = 1-1.26(t/S)+2.4(t/S)exp(-nS/2t)

4. With sintering, the improvement in fracture toughness of YSZ coatings is larger
than that of GDZ coatings

5. The map allows us to down select the coating material and processing
conditions to meet fracture toughness requirement for coating design
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Revised TBC Architecture: Strategic approach for multi-functionality

Functionally Optimized TBC with high fracture toughness interface layer

Representative microstructure

Design Strategy Processing condition selection
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4.0 )
o Structural sintered
complance h 9] Sintered for 24
o Low Th. o, e
Conductivity '

2.5 YSz
as-sprayed

o High fracture 2.0 il —

aTe toughness, K,c (MPa-Vm)

toughness | i Particles
Overlay BC 1o
enhanced 1.01
d roughness A
o P T e BiE L dow
'.':-'-'.'-'-'.—..-.E)-..--.-..-)./.-..-...--.--.--.--‘:-'-'.'-- 0 10 20 30 40 50 60 70 e Bmd:coat 2
Indentation modulus, E;4 (GPa)
FCT Life: 24 hrs cycles @ 1100°C Failed specimen analysis Coating with high
durability and low k S
. ] ummary
Single layer TBCs Bi-layer TBCs « Classic TBC 1400
1400 spr:}llation.d ) bi-layer O Simultaneous
= Failure mode |\  TBCs with ‘mizati
1200 | remains same glzoo i\ improved Optlmlzatlon O.f.
> > as conventional. 3 \ )\ durability coating durability and
3 1000 3 P A Y functionality
< § £ L
£ 5% © £ so0f \g ! e » | @ 100% improvement
Porous 8T S . .
g 00| > 05 @ o in life while
3 = =l | S Sle maintaining low
g 400 | |5 q [ | 2 TR RgmeeaeeR | S ’ -
= 2 A E layer TBCs Thermal Conductivity
() = s 400 L 1 1
g “ o — 06 08 10 12 14 16
< =S 29 : b RT Thermal conductivity (W/m-K)

‘\\\w Stony Brook

University

DOE UTSR Program Highlights: Advanced TBCs for gas turbine engines



Multilayer TBC architevure: Strategic approach for multi-functionality

Functionally Optimized TBC with high durability as well as erosion and CMAS resistance

Multilayer-multifunctional CMAS resistant layer High erosion resistance layer
architecture

8 o
: — ESi s Jaiets
{ ] : i Lignite Ash 4
Erosion ,CMAS Resistant i oA o L >
Low K ,E ‘ i L 1| [T . 61 3
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Low K i i ¥ wicking | =4 g S
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i . . ~ | oy @) erosion data. DVC
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i e T, | 3|l 3| T o | architecture appears
Overlay BC i Lignite ash was spread onto the topcoat (35 =2 S|l & o
Y : c s[5 ~N N to be promising
enhanced i mg/cm?2). Heat treatment: 1200°C for 24 hours. Qo ajlal o QO .
roughness i . L . 7 NIlNl O O candidate for top
'-"-‘.'7.‘-:-1(-'.‘-???_7.-_-.-_-.-_-.-:.-_—.-:::.--.--.-- i The coating exhibited resistance to CMAS, and UEJ all o .._ layer
B FIETED i the average penetration depth was ~ 25 microns 0 ol o '
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S 3 e e GDZ-DVC based multilayer coatings
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% © —~ . N~ ~AAAN] RN YSz-DVC < 1200 5 « __I.
<T: YSZ-DbVC -1 YSZ-Dense = <:YSZ-Dense ' v YSZ- Dense ~ o) % ,g
Bondcoat Bondcoat E M1 @ 7
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o 600 e
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° = F 300 1 =) A
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g 5 & -
& e
-§ .......... 2s : , Coating ‘C’ shows high FCT life, even better than
A the Bi-layer YSZ, simultaneously addressing the
- . : . issues of CMAS and erosion.
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Multilayer TBC architevure: Strategic approach for multi-functionality

Functionally Optimized TBC with high durability and low thermal conductivity

Preliminary Gradient Testing

Specimen preparation

35 mg/cm?
Lignite Ash

Porous YSZ /
multilayer
TBC

Two-layer
HVOF bond
coat

Gradient test rig

Front Temp: ~ 1300°C
Subst Temp:~ 1100°C

Lignite ash was adhered to the coating by baking it onto the
topcoat at 1000°C. Cycles with10 minutes heating and 2 minutes
air cooling were performed

~ Bondcoat
__Substrate

The microsturctures from this preliminary test suggest that the top
GDZ-DVC layer can mitigate CMAS penetration to the GDZ-YSZ

coating architecture.
Multilayered TBC (C) lasted ~ 20 times more than

conventional YSZ TBC.

Functional property map

|
|
1 = ;
1 x, ML: Multi Layer The as _SPrayed therm_al
I £ 1.6 7sL:sSingle Layer chz =P conductivity and elastic
1 = modulus map shows
I = 14 - that the new multilayer
1l © ’
1 S GDzZ-YSZ coating
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: £ O cpz & Oo thermal conductivity as
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I % s S =C % YSZ coating. However
I 5 o8 - OP_GO LI "= Engineered the elastic modulus is
I o Multilayered .
I & coatings somewhat higher due to
1 < g5 ' ' ' ' s the inclusion of DVC
: 0 20 40 60 80 100 structure in the new
1 Elastic Modulus ( GPa) TBC design.
| .
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Considering all the processing and materials S

related challenges
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Systematic progress over past four years

*YSZ and GDZ process property relationships
*Process Map development
*Toughness, Lignite ash penetration depth, erosion

*Two layer Bond coats

* Bi-layer YSZ coating with two fold increase in FCT life, and maintaining low K

*High toughness interface layer, Elastic energy model

*Multilayer YSZ-GDZ coating system
*Enhanced life, Lignite ash penetration minimization, erosion resistance

*Rough bond coat process optimization with 40% increase in FCT life

Erosion ,CMAS
Resistant
Low K ,E

Porous BC
Low K
LowE =

L -T.--.--.--.--.--.'.-'.-'.-'.-'--'\-I'\-l

. -J-J-J-J-J-J-J-J-J-J-J.-l.
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